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The C. elegans embryo supports both meiotic and mitotic spindles, requiring careful regulation of components specific to each spindle type.
The MEI-1/katanin microtubule-severing complex is required for meiosis but must be inactivated prior to mitosis. Downregulation of MEI-1
depends on MEL-26, which binds MEI-1, targeting it for degradation by the CUL-3 E3 ubiquitin ligase complex. Here we report that other protein
degradation pathways, involving the anaphase promoting complex (APC) and the MBK-2/DYRK kinase, act in parallel to MEL-26 to inactivate
MEI-1. At 25° all mel-26(null) embryos die due to persistence of MEI-1 into mitosis, but at 15° a significant portion of embryos hatch due to
lower levels of ectopic MEI-1, suggesting that a redundant pathway also regulates MEI-1 degradation at 15°. Previously the MBK-2/DYRK
kinase was suggested to trigger MEL-26 mediated MEI-1 degradation. However, mbk-2 enhances the incomplete lethality of mel-26(null) at 15°,
arguing that MEL-26 acts in parallel to MBK-2. APC mutants behave similarly. In mel-26 embryos, ectopic MEI-1 remains until the onset of
gastrulation, but in mbk-2; apc embryos, MEI-1 only persists through the first mitosis. We propose that mbk-2 and apc couple the initial phase of
MEI-1 degradation to meiotic exit, after which MEL-26 completes MEI-1 degradation.
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Upon fertilization, the oocyte transits from one develop-
mental program to another, from oogenesis to embryo
development. It is recently becoming apparent that protein
degradation plays a key role in this process, both in removing
oocyte-specific products and by eliminating proteins from
specific embryonic cells where their presence would be detri-
mental (Bowerman and Kurz, 2006; DeRenzo and Seydoux,
2004; Kipreos, 2005). Regulation of protein expression by
degradation has the important advantage of irreversibility
compared to other post-translational regulatory mechanisms,
such as phosphorylation.⁎ Corresponding author. Fax: +1 403 270 0737.
E-mail address: mains@ucalgary.ca (P.E. Mains).
1 Current address: Department of Developmental Biology, Beckman Center
B373, 279 Campus Drive, Stanford, CA 94305-5329, USA.
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doi:10.1016/j.ydbio.2006.09.053Proteins can be targeted for proteosomal-mediated degrada-
tion by the covalent attachment of ubiquitin (Deshaies, 1999;
Glickman and Ciechanover, 2002). Ubiquitin is first attached to
an E1 activating enzyme and then transferred to an E2 conju-
gating enzyme. The multiprotein E3 ubiquitin ligase then brings
E2-ubiquitin and the protein target into proximity and builds
chains of ubiquitin on the protein targets, marking those proteins
for proteosomal degradation. Classes of E3 ubiquitin ligases
include those based on cullins (the SCFs), which mediate degra-
dation of a wide variety of proteins (Deshaies, 1999; Glickman
and Ciechanover, 2002; Vodermaier, 2004), and the structurally-
related APC (anaphase promoting complex), whose activity is
often associated with (but not limited to) cell cycle progression
(Harper, 2002). Specificity for degradation is mediated by
substrate-specific adaptors that recruit protein targets to E3
ubiquitin ligases and sometimes by phosphorylation of the target
proteins (Deshaies, 1999; Glickman and Ciechanover, 2002).
Upon fertilization, the transition from oogenesis to embryo-
nic development is particularly rapid in Caenorhabditis elegans
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terns of transcription to alter patterns of protein expression.
While changes in the stability, localization and translation of
maternal mRNA's play a major role in this transition, recent
work demonstrates that targeted protein degradation is also
critical for early embryo development. An example of this is the
degradation of germ line determinants in somatic blastomeres
(Bowerman and Kurz, 2006; DeRenzo and Seydoux, 2004). A
key player in this process is the DYRK kinase MBK-2, which is
required to degrade cytoplasmic determinants as well as a
meiosis-specific product MEI-1 (Ming Pang et al., 2004;
Pellettieri et al., 2003; Quintin et al., 2003).
A particular case where the oocyte to embryo transition
requires rapid turnover of specific proteins is the switch from
meiosis to mitosis. C. elegans oocytes arrest at late prophase of
the first meiotic division (Albertson, 1984; Albertson and
Thomson, 1993; Yang et al., 2003). After fertilization, the
meiotic divisions are rapidly completed and then the same
cytoplasm supports the mitotic cleavages, within ∼15 min of
the end of meiosis (Kemphues et al., 1986; McCarter et al.,
1999). The first mitotic spindle differs from its meiotic
counterpart in size, morphology, intracellular location and the
presence of centrosomes. These differences necessitate careful
regulation of meiosis-specific products to prevent their inter-
ference with subsequent mitotic divisions. In this paper, we
focus on the degradation of one such meiotic-specific product,
MEI-1, whose activity must be eliminated prior to mitosis.
mei-1 and mei-2 are specifically required for oocyte meiotic
spindle formation (Mains et al., 1990a). These genes encode the
two subunits of katanin, a microtubule (MT)-severing complex
(Hartman et al., 1998; Srayko et al., 2000). In the absence of
either mei-1 or mei-2 function, meiotic spindles fail to form, but
the following mitotic cleavages are normal. Therefore, mei-1
and mei-2 are required for meiosis but not mitosis. Indeed, the
products of both genes are found in the meiotic spindle but are
absent during mitosis (Clark-Maguire and Mains, 1994; Srayko
et al., 2000). The post-meiotic elimination of MEI-1 depends on
MEL-26 (Clark-Maguire and Mains, 1994; Dow and Mains,
1998) and a CUL-3-based E3 ubiquitin ligase (Kurz et al., 2002).
Failure to eliminate MEI-1MT-severing activity results in small,
misoriented spindles (Clark-Maguire and Mains, 1994). MEL-
26 accomplishes this downregulation of MEI-1 by serving as the
substrate-specific adaptor that recruits MEI-1 to the CUL-3-
based E3 ubiquitin ligase, resulting in MEI-1 ubiquitination and
subsequent degradation (Furukawa et al., 2003; Pintard et al.,
2003; Xu et al., 2003).
Here we show that complete loss of MEL-26 is viable at low
temperatures, indicating that another pathway(s) is at least
partly sufficient for MEI-1 degradation under these conditions.
By examining genetic interactions and levels of MEI-1 expres-
sion, we conclude that other protein degradation pathways that
are active soon after fertilization, which include MBK-2 and the
APC, act in parallel to MEL-26 to mediate MEI-1 degradation.
The APC and MBK-2 may be primarily responsible for the
initial phase of MEI-1 degradation that follows meiotic exit,
after which MEL-26/CUL-3 E3 ligase degrades the remaining
MEI-1.Materials and methods
Nematode culture and strains
C. elegans (var. Bristol) was grown under standard conditions (Brenner,
1974) at 15° unless otherwise stated. Complete broods were collected from ≥4
hermaphrodites for each genotype as described byMains et al. (1990b). Hatching
rates were based on counting 500–4000 embryos. The translocation hT2[bli-4
(e937) let(h661)] was used to balance mel-26. The following mutations were
used: dpy-20(e1282), emb-27(g48 and ye143), lon-2(e678), mat-2(ax102 and
ax143), mbk-2(dd5 and pk1427), mei-1(ct46), mel-26(ct61 and ct61sb4), rol-6
(e187), tbb-2(sb26), unc-29(e1072), unc-31(e169). mel-26(tm1664)was a gift of
Dr. S. Mitani (National Bioresource Project, Japan, Gengyo-Ando and Mitani
(2000)) and was out-crossed five times prior to use. The following tightly-linked
morphological markers were used to facilitate strain construction: unc-29 for
mel-26, dpy-20 or unc-31 for mbk-2 and rol-6 for mat-2(ax143).
RNA mediated interference
RNA mediated interference (RNAi) against mel-26 was used to further
diminish mel-26 gene activity and to demonstrate the complete loss of mel-26
activity in ct61sb4. Feeding of wild-type, mei-1 or mel-26 larvae with E. coli
producing double stranded mel-26 RNAwas performed following the Ahringer
lab feeding protocol (Kamath et al., 2003). A pair of L4 larva were placed on
each freshly-induced plate then transferred to a new plate after 48 h. The
reported hatching rates are from the next 48 h period. Control worms were fed
with E. coli carrying the L4440 vector plasmid.
Indirect immunofluorescence microscopy
Embryos were freeze-cracked and fixed with methanol-acetone as
described by Kemphues et al. (1986). MEI-1 localization was determined as
described by Srayko et al. (2000) with the following modifications.
Hermaphrodites were upshifted at the L4 stage and grown overnight at the
appropriate temperature before fixation. Prior to staining, slides were blocked
for 45 min at room temperature with 25% of the normal goat serum diluted in
PBS/0.1% Triton X-100. Three washing steps with PBS/0.1% Triton X-100
for a total of 15 min were performed after each incubation. Rabbit polyclonal
anti-MEI-1 antibody was used at 1/50 dilution. α-tubulin localization was
determined with the mouse DM 1A α-tubulin monoclonal antibody (Sigma) at
1/200 dilution. Secondary antibodies (Jackson Immunoresearch) were FITC-
conjugated goat anti-rabbit (1/50) and Texas red-conjugated goat anti-mouse
(1/100). DNA was visualized with DAPI (4′, 6-diamidine-2′-phenylindole
dihydrochloride) by briefly immersing stained embryos into a 1 μg/ml solution
prior to mounting.
Photographs were taken on a Zeiss Axioplan II microscope equipped with
Hamamatsu ORCA-ER digital camera under the same setting and exposure time
(0.350 s) for anti-MEI-1 antibody. Ectopic MEI-1 expressed during mitosis
concentrates at centrosomal centers, with lesser expression on microtubules and
mitotic chromatin (Clark-Maguire andMains, 1994).As ametric of ectopicMEI-1,
the densitometric mean in an outlined area encompassing MEI-1 staining in the
brightest centrosome was divided by that of a roughly similar-sized area of the
adjacent microtubule-free cytoplasm (the slide background as measured outside
the eggshell was first subtracted from both values). In cases where no centrosomal
MEI-1 was visible, the centrosomal region was outlined based on tubulin staining.
The centromeric:cytoplasmic ratios were divided into four bins of values ≤1.1,
1.11 to 1.30, 1.31 to 1.50 and >1.50. Of themel-26(null) embryos judged negative
by eye, 89% have rations ≤1.1 while 97% of embryos deemed clearly positive
have values >1.1. As theMEI-1 cytoplasmic levels tend to increase with that of the
centrosome, values for the most intensely stained embryos are likely under-
estimates of total centrosomal MEI-1, and so the reported differences between
positive and negative genotypes are likely even greater than we report. Intensities
in mel-26(null) embryos were relatively constant from the first appearance of
MEI-1 during pronuclear formation through to at least the end of the second cell
cycle, other than a decrease at telophase of the first and second cleavages.
Measurements were taken using Zeiss Axiovision, and all images presented here
were cropped without further editing using Adobe Photoshop.
Fig. 1. mel-26(null) has lower levels of ectopic MEI-1 at 15°. mel-26(ct61sb4)
mutant embryos raised at 15° or 25° were fixed and co-stained with anti-MEI-1
(A, C, E and G) and anti-α-tubulin to visualize mitotic spindles (B, D, F and H).
Representative embryos are shown. At 15°, mutant embryos showed either no
(A, B) or weak (C, D) centrosomal (arrowheads) or chromosomal (arrow)MEI-1,
whereas embryos raised at 25° all had strong ectopic MEI-1 at the centrosomes
(E–H). Slides with embryos at the two temperatures were processed in parallel
and exposure times were identical. All strains included the MEI-1 resistant
tbb-2(sb26) allele to restore normal morphology to the embryos to facilitate
comparisons (see text). Scale bar: 10 μm.
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The mel-26(null) phenotype is temperature-sensitive
The mel-26 gene, which encodes a BTB-protein that func-
tions as a substrate-specific adaptor for the C. elegans CUL-
3-based ubiquitin E3 ligase, is required for post-meiotic
degradation of MEI-1 (Dow and Mains, 1998; Furukawa et al.,
2003; Pintard et al., 2003; Xu et al., 2003). The mel-26(ct61sb4)
allele encodes a truncated form of the protein, lacking the
C-terminal 75 amino acids (Dow and Mains, 1998). However,
the maternal-effect lethality of the ct61sb4 truncation allele is
temperature-sensitive (ts), giving rise to about 20% live em-
bryos at 15° (Dow and Mains, 1998) (Table 1, line 1). Because
mel-26(RNAi) is similarly ts (Table 1, line 2), the mel-26(null)
phenotype may be ts. It is possible that ct61sb4 and mel-26
(RNAi) both coincidentally retain similar levels of residual
activity at low temperatures. Since both the mutation and RNAi
clearly represent at least strong loss-of-function situations, their
effects should be additive if survival at 15° indicates that they
individually retain residual activity. However treating ct61sb4
animals with mel-26(RNAi) did not result in any more
embryonic lethality than ct61sb4 alone (24% vs. 18% hatching
at 15° respectively; Table 1, line 3). Therefore, these data
demonstrate that the mel-26(null) phenotype is ts lethal,
indicating that mel-26 mediates an inherently ts process.
Recently the Japanese Bioresource Project (Gengyo-Ando
andMitani, 2000) isolated amel-26 deletion, tm1664. This allele
removes 587 bp, beginning 30 bp 5′ of the predicted translation
start site. If this deleted gene can still be transcribed and then
translated from the first in-frame ATG, the product would lack
the first 228 amino acids, creating a truncation that does not
overlap with that of the C-terminal ct61sb4 truncation. tm1664
does not stain with anti-MEL-26 antibody (Johnson, Lu, Raharjo
and Mains, manuscript in preparation), further suggesting that it
represents a molecular null (the anti-MEL-26 antibody was
raised against a C-terminal peptide and hence would not
recognize the truncated protein of MEL-26(ct61sb4) if it was
present). As shown in Table 1, line 4, mel-26(tm1664) also
shows ts lethality similar to that of mel-26(ct61sb4) and mel-26
(RNAi), further confirming that the null phenotype of mel-26 is
indeed ts lethal. Therefore we conclude that MEI-1 activity is
down-regulated by another pathway that functions in theTable 1
mel-26(null) is temperature-sensitive
Maternal genotype Percent hatching
15° 25°
mel-26(ct61sb4) 18 0
mel-26(RNAi) 26 0.5
mel-26(ct61sb4+RNAi) 24 0
mel-26(tm1664) 15 0
mei-1(ct46gf) 23 0
mei-1(ct46gf); mel-26(RNAi) 27 – a
Complete broods were collected from ≥10 hermaphrodites for each genotype,
and hatching rates were based on counting >500 embryos.
a Not determined.absence of MEL-26. We will hereafter refer to mel-26
(ct61sb4) as simply mel-26(null).
MEI-1 post-meiotic degradation is regulated by a mechanism
parallel to the cul-3/mel-26 ubiquitination pathway
If a system exists to down-regulate MEI-1 activity indepen-
dently ofMEL-26, it might contribute to the degradation ofMEI-
1 or it might interfere with the activity or level of the MEI-1
microtubule-severing complex. Because MEL-26 targets MEI-1
for degradation before entering mitosis (Furukawa et al., 2003;
Pintard et al., 2003; Xu et al., 2003), we stained mel-26(null)
embryos raised at 15° and 25° with anti-MEI-1 antibody to
examine how the ts effect on lethality correlates with the ectopic
localization patterns of MEI-1. At 25° all mitotic embryos
stained with MEI-1 at the centrosome (the region with the
highest levels of ectopic MEI-1 (Clark-Maguire and Mains,
1994); Fig. 1E, G; Table 2, line 2), and no embryos hatched at
this temperature. At 15° mitotic embryos showed lower levels of
Table 2
Embryonic lethality correlates with levels of ectopic MEI-1
The bar graphs in the third column represent the distribution of embryos with
differing intensities of centrosomal MEI-1 staining at the one and two-cell
stages. White, light grey, dark grey and black represent binned values of
centromeric:cytoplasmic MEI-1 intensity ratios of up to 1.1, >1.1 to 1.3, >1.3 to
1.5 and >1.5, respectively (see Materials and methods). All strains included the
MEI-1 resistant tbb-2(sb26) allele to restore normal morphology to the embryos
to facilitate comparisons (see text). The hatching rates were determined for
strains lacking tbb-2 by scoring >500 embryos from the complete broods of ≥4
hermaphrodites for each genotype.
a Hatching rate at 25°.
b Number of one-cell embryos only, since two-cell embryos showed no MEI-1
expression.
c Not determined.
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decreased staining was accompanied by higher rates of hatching
(21%). Among the embryos showing ectopic MEI-1 staining at
the lower temperature, most had only weak MEI-1 localization
at the mitotic centrosomes (Fig. 1A, C, Table 2, line 1). Thus,
the decreased hatching ofmel-26 at 25° correlates with increased
accumulation of centrosomal MEI-1. This implies that the
decreased lethality at 15° results from decreased MEI-1
accumulation rather than decreased enzymatic activity. There-
fore other systems are partially sufficient to degrade MEI-1 at
lower temperatures.
Obvious candidates for genes acting redundantly with
mel-26 would be those with closely-related sequences. The C.
elegans genome encodes three MEL-26-like genes (Dow and
Mains, 1998). However, injection of dsRNA corresponding to
these candidates, singly or in combination, failed to enhance
mel-26(null) lethality at 15° (data not shown). In addition,
interaction between MEI-1 and the MEL-26/CUL-3-based E3
ligase requires a PEST protein degradation motif within MEI-1
(Pintard et al., 2003; Xu et al., 2003). The MEI-1(ct46gf)
mutation changes the PEST sequence and blocks in vitro
interactions with MEL-26. This mei-1 allele, like mel-26(null),
is ts, and its lethality at 15° is not enhanced by mel-26(RNAi)
(Table 1, lines 5 and 6). Assuming any MEL-26-like protein
would also require the MEI-1 PEST motif for activity, this
result implies that the PEST mutant is ‘null’ for degradation
via a MEL-26 pathway, i.e. via any MEL-26-like proteins.
Therefore, we reasoned that MEI-1 is degraded by mechanisms
independent of MEL-26-like proteins, and this is sufficient to
limit post-meiotic MEI-1 activity at lower temperatures.The ectopic MEI-1 level in mel-26(null) is enhanced by mbk-2
and apc conditional mutants
To identify genes that down-regulate MEI-1 activity in
parallel with mel-26, we constructed double mutants between
candidates and mel-26(null). If the candidate acts to degrade
MEI-1, then partially compromising the candidate's activity
would enhance the mel-26 phenotype. Since we are using a null
allele of mel-26, we can conclude that the enhancing candidate
gene acts in parallel. In contrast, if the candidate acts
sequentially with mel-26, the mel-26(null) phenotype would
not be further exacerbated. For example, while mei-1(ct46gf) is
enhanced by the strong dominant-negative allele mel-26(ct61)
when both are heterozygous, there is no enhancement when
either, or both, of the mutations are homozygous (Mains et al.
(1990a) and P.E. Mains, unpublished). This indicates (1) both
mutations are genetically null when homozygous, (2) they act in
the same pathway and (3) there must be a parallel pathway
acting to inactivate MEI-1.
The C. elegans DYRK family kinase MBK-2 coordinates
the degradation of several maternal proteins in the zygote,
including MEI-1, to ensure appropriate cell division and
patterning (Ming Pang et al., 2004; Pellettieri et al., 2003;
Quintin et al., 2003). MBK-2 phosphorylates MEI-1 and protein
phosphorylation is often a prerequisite for ubiquitin-mediated
degradation (Stitzel et al., 2006). Therefore we expected that
mbk-2 might act sequentially with mel-26. To test this, we
examined the genetic interactions between a mbk-2(dd5ts) and
mel-26(null). mbk-2(dd5ts) is nearly wild type at the permissive
temperature of 15° (87% hatching), but the mbk-2(dd5ts); mel-
26(null) double mutants exhibited reduced hatching rates well
below that of mel-26(null) alone (from 21% to only 2%;
Table 3, lines 1–3). This suggests that mbk-2 instead acts in
parallel to mel-26. It is formally possible that the relevant target
for the genetic enhancement between the two genes is something
other than MEI-1. However, the enhancement is almost
completely eliminated by addition of tbb-2(sb26), a β-tubulin
mutation that renders spindle microtubules partially resistant to
MEI-1 activity (Lu et al., 2004) (Table 3, lines 4–6). Thus the
genetic interaction between mbk-2 and mel-26 is due to MEI-1
misregulation. Similar patterns of enhancement were seen with
mbk-2 and the mei-1(ct46gf) PEST allele as well as with mbk-
2 and a mel-26 dominant-negative mutation, and such interac-
tions were also blocked by tbb-2(sb26) (data not shown).
Inclusion of tbb-2(sb26) within double mutant strains helped
restore normal spindle morphology and thus facilitated compar-
isons of ectopic MEI-1 level between different genetic
combinations. Therefore, we included the tbb-2(sb26) tubulin
mutation in all strains that were used to assess levels of ectopic
MEI-1 expression by immunostaining (although for simplicity
this will not be noted for genotypes listed in the text).
If mbk-2 and mel-26 act at the level of MEI-1 degradation,
then the genetic enhancement between mel-26(null) and mbk-2
(dd5) should correlate with increased ectopic MEI-1 levels.
Indeed, whereas almost no mitotic MEI-1 was observed in mbk-
2(dd5) embryos at 15° (Table 2, line 3; Fig. 2C), the level of
ectopic MEI-1 staining increased in double mutant embryos
Table 3
mbk-2 and apc enhances mel-26(null)
Genotype Percent hatch
15° 20° 25°
1. mel-26(ct61sb4) 21 4.6 – a
2. mbk-2(dd5) 87 68 0.3
3. mel-26(ct61sb4); mbk-2(dd5) 2.0 0.07 –
4. mel-26(ct61sb4); tbb-2(sb26) 60 72 –
5. mbk-2(dd5); tbb-2(sb26) 91 – –
6. mel-26(ct61sb4); mbk-2(dd5); tbb-2(sb26) 29 31 –
7. emb-27(g48) 94 56 0
8. mel-26(ct61sb4); emb-27(g48) 0.6 0 –
9. mel-26(tm1664) 17 – –
10. mel-26(tm1664); emb-27(g48) 0.6 – –
11. emb-27(g48); tbb-2(sb26) – 72 0
12. mel-26(ct61sb4); emb-27(g48); tbb-2(sb26) 33 23 –
13. mat-2(ax143) 88 36 0
14. mel-26(ct61sb4); mat-2(ax143) 0.9 0 –
15. mat-2(ax102) 87 3.5 0
16. mel-26(ct61sb4); mat-2(ax102) 6.9 – –
17. mat-2(ax143); tbb-2(sb26) – 32 –
18. mel-26(ct61sb4); mat-2(ax143); tbb-2(sb26) 59 10 –
19. mbk-2(dd5); emb-27(g48) 28 6.4 –
20. mbk-2(dd5); emb-27(g48); tbb-2(sb26) 62 20 –
21. mel-26(ct61sb4); mbk-2(dd5);
emb-27(g48); tbb-2(sb26)
22 2.8 –
Complete broods were collected from ≥4 hermaphrodites for each genotype,
and hatching rates were based on counting >500 embryos.
a Not determined.
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Table 2, line 4). The enhancement of ectopic MEI-1 accumula-
tion by mbk-2(ts) is consistent with our genetic data suggesting
a role in MEI-1 degradation of mbk-2 independent of mel-26
function. mbk-2 could potentially act in both mel-26 dependent
and independent pathways. However, this predicts that the mbk-
2 deletion allele pk1427 (Raich et al., 2003) should completely
eliminate both pathways, but this mbk-2(null) showed less
ectopic MEI-1 than did the mel-26(null) in combination with
the mbk-2 hypomorphic allele (Table 2, lines 4–5), suggesting
that mbk-2 functions primarily (if not exclusively) in the mel-26
independent pathway.
The APC is active at the meiosis to mitosis transition, and so
could potentially down-regulate MEI-1 activity in parallel toFig. 2. mbk-2 and apc ts alleles enhance levels of ectopic MEI-1 in mel-26(null)
at 15°. Mutant embryos reared at 15° were fixed and co-stained with anti-MEI-1
(A, C, E, G, I, K and M) and anti-α-tubulin (B, D, F, H, J, L and N).
Representative one-cell embryos are shown. (A, B) mel-26(null) embryo at
prometaphase of the mitosis. This embryo shows almost no centrosomal MEI-1
(arrowheads), but most embryos showed low levels as seen in Fig. 1C, D and
Table 2. (C, D) mbk-2(dd5) embryos showed absolutely no centrosomal or
cytoplasmic MEI-1 at early anaphase of the first mitosis. (E, F) mel-26(null);
mbk-2(dd5) showed stronger centrosomal MEI-1 at metaphase than seen for the
population of positive 15° mel-26(null). (G, H) emb-27(g48) embryos had abso-
lutely no centrosomal MEI-1. (I, J) mel-26(null); emb-27(g48) showed stronger
ectopic MEI-1 than seen for the population of positive 15° mel-26(null). (K, L)
mat-2(ax143) embryos, like emb-27(g48) mutants, had absolutely no ectopic
MEI-1 localization. (M, N) mel-26(null); mat-2(ax143) embryos again had
increased ectopic MEI-1 as compared to 15° mel-26(null). All strains included
tbb-2(sb26), which restores normal embryo morphology without affecting
ectopic MEI-1 localization (see text). Scale bar, 10 μm.MEL-26. Indeed Li et al. (2004) reported that an APC subunit,
MAT-2, binds MEI-2 in a global yeast two-hybrid assay of the
C. elegans genome. apc mutants arrest at meiosis I (Shakes et
al., 2003), but hypomorphic apc alleles sometimes show mel-
26(lf)-like mitotic spindle morphology under semi-permissive
conditions (D. Shakes, personal communication). We again
observed strong genetic interactions between several apc
mutants and mel-26(null). The APC subunit ts allele emb-27
(g48) showed 94% hatching at 15° degrees but decreased the
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temperature (Table 3, lines 7–8). The deletion allele mel-26
(tm1664) was enhanced by emb-27 to the same extent (Table 3,
lines 9–10). As discussed above for mbk-2(dd5), the genetic
enhancement by emb-27 was also suppressed by tbb-2(sb26)
(Table 3, lines 11–12), indicating that MEI-1 mis-regulation
was the relevant target of the enhancement. Indeed, the increase
in lethality also correlated with increased MEI-1 accumulation
in mitosis. The emb-27(g48) mutant embryos had no ectopic
MEI-1 at 15° (Fig. 2G; Table 2, line 6). However, the levels of
ectopic MEI-1 were higher in mel-26(null); emb-27(g48)
embryos compared to mel-26(null) alone (Table 2, line 7; Fig.
2I). A much weaker emb-27 allele, y143, did not enhance mel-
26(null) (data not shown).
A ts allele of another APC subunit, mat-2, showed similar
effects when combined with the mel-26(null) mutation. mat-2
(ax143) increased mel-26(null) lethality 20 fold (Table 3, lines
13–14). mat-2(ax102) had a similar, albeit weaker effect on
mel-26(null) (Table 3, lines 15–16), and interactions with either
allele and mel-26(null) were blocked by tbb-2(sb26) (Table 3,
lines 17–18 and data not shown). The enhancement in lethality
by mat-2 also accompanied increased ectopic MEI-1 localiza-
tion (Table 2, lines 8–9; Fig. 2K, M). Therefore, the APC is
regulating post-meiotic MEI-1 degradation in parallel to the
cul-3/mel-26 ubiquitination pathway.
mbk-2 and apc function together to degrade MEI-1
independent of cul-3/mel-26
Since both mbk-2 and apc appeared to regulate MEI-1
degradation in the absence of mel-26, we next asked whether
they interact genetically with each other. As expected, mbk-2
and apc showed strong genetic enhancement. At 15°, emb-27
(g48); mbk-2(dd5) double mutants had only 28% hatching,
about 3 times lower than the 81% estimated if there was no
genetic interaction (Table 3, line 19). Although we did not
quantitate the phenotype, we noticed that while neither single
mutant showed small or displaced spindles at the permissive
temperature, this phenotype was frequent in the double mutant.
The interaction was stronger at 20°, where hatching was
decreased by 6 fold (Table 3, line 19 see below). Addition of the
tbb-2(sb26) inhibitor of MEI-1 activity decreased the enhance-
ment, indicating that MEI-1 was the relevant target of the
genetic enhancement between emb-27 and mbk-2 (Table 3, line
20). This interpretation was confirmed by the observation thatFig. 3. Embryos doubly mutant for apc and mbk-2 show ectopic MEI-1 at 15°,
but only in the one-cell embryos. Mutant embryos were grown at 15° and co-
stained with anti-MEI-1 (A, C, E, G, I, K, M and O) and anti-α-tubulin (B, D, F,
H, J, L, N and P). (A, B) One-cell mel-26(null) embryo showed weak MEI-1
centrosomal (arrowheads) and chromosomal (arrows) localization during
anaphase, which is typical of the majority embryos that are positive. (C, D)
mel-26(null) embryos also showed ectopic MEI-1 after the first cell division.
(E, F) mbk-2(dd5) and (G, H) emb-27(g48) embryos had no MEI-1 expression
during mitosis. (I–L) One-cell emb-27(g48); mbk-2(dd5) embryos show ectopic
MEI-1 localization. However, the double mutants showed absolutely no
centrosomal MEI-1 staining as soon as they entered the second cell cycle (M–P).
All strains included tbb-2(sb26), which restores normal embryo morphology
without affecting ectopic MEI-1 localization (see text). Scale bar, 10 μm.
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centrosomal MEI-1 localization whereas mbk-2(dd5) and emb-
27(g48) single mutants each showed no mitotic MEI-1
localization at 15° (Table 2, lines 3, 6, 10; Fig. 3E, G, I, K).
Interestingly, the ectopic MEI-1 in these embryos was restricted
to the first division as no MEI-1 expression was found after
anaphase of the first cell cycle (0/69, Table 4, line 3; Fig. 3M,
O). In contrast, mel-26(null) embryos, at either 15° or 25°,
showed similar levels of ectopic staining at the 1 and 2 cell
stages (e.g., Fig. 3A, C; Table 4, lines 7 and 8).
The lack of ectopic MEI-1 in two-cell or later stage emb-27;
mbk-2 embryos compared to mel-26(null) embryos could be
quantitative—lower levels of ectopic MEI-1 present in the
former strain might be only apparent in one-cell embryos.
Alternatively, the difference may indicate that APC/MBK-2 is
only necessary to degrade MEI-1 during the first cell cycle, after
which another pathway can eliminate the remaining MEI-1. To
address these possibilities, we further compromised the activity
of the ts alleles by raising mbk-2(dd5); emb27(g48) at the semi-
permissive temperature of 20°. At this temperature, the double
mutant embryos showed significantly less hatching than at 15°
(6.4% vs. 28%, Table 3, line 19). Although at 20° levels of
ectopic MEI-1 were higher through anaphase of the one-cell
stage compared to 15° (Table 4, lines 3 and 6, Fig. 4E, F), after
telophase only 1/34 of the embryos exhibited weak MEI-1
staining (Fig. 4G; I). Since these embryos are mel-26(+), this
result suggests that MEI-1 degradation through the MEL-26
ubiquitination system is sufficient after the first cell cycle. This
is also consistent with previous temperature-sensitive period
(TSP) studies showing that mbk-2 functions primarily during
the first cell division (Ming Pang et al., 2004; Quintin et al.,
2003) while the TSP of mel-26 extends for a longer period, until
the onset of gastrulation (Mains et al., 1990b).
APC and MBK-2 activities are essential in the absence of
mel-26
The ectopic MEI-1 localization and the associated lethality
seen in hypomorphic emb-27(g48) and mbk-2(dd5) double
mutants suggest this mel-26 independent MEI-1 degradation
system is at least partially necessary even when the cul-3/mel-Table 4
mbk-2 and apc double mutants have ectopic MEI-1 only during the first cell cycle
Bar graphs in columns 3 and 6 represent the proportion of embryos with different in26 ubiquitination system remains active. We asked whether this
mel-26 independent protein degradation system is essential in
the absence of mel-26 function. Indeed, all triply mutant mel-26
(null); mbk-2; emb-27 embryos showed moderate to high levels
of ectopic MEI-1 at 15° (Table 2, line 11). The lethality of this
strain was again suppressed by tbb-2(sb26) (Table 3, line 21).
Therefore, even partially compromising the activity of APC/
MBK-2 using ts alleles at their permissive temperature
eliminated most (if not all) mel-26 independent MEI-1
degradation. This result indicates that both the cul-3/mel-26
and the mel-26 independent pathways are required for proper
post-meiotic MEI-1 degradation at the lower temperature and
either one becomes essential in the absence of the other.
Discussion
At fertilization, the C. elegans embryo rapidly eliminates the
meiosis-specific MEI-1/MEI-2 katanin microtubule-severing
complex. Previous studies found that MEI-1 degradation
requires a CUL-3-based ubiquitin E3 ligase that contains
MEL-26 as the substrate-specific adaptor (Furukawa et al.,
2003; Kurz et al., 2002; Pintard et al., 2003; Stitzel et al., 2006;
Xu et al., 2003). However, how CUL-3/MEL-26 turnover of
MEI-1 was coupled to the rapid cell cycle transition between
meiosis and mitosis was not clear. The fact that mel-26(null)
lethal phenotype is inherently ts, (i.e. that mel-26 is partly
dispensable during the slower cell cycle at lower temperatures)
allowed us to identify pathways that function in parallel to
CUL-3/MEL-26 to regulate MEI-1 degradation. Our study
reveals a possible link to cell cycle progression during the
meiosis to mitosis transition.. Both APC and MBK-2 are
activated soon after fertilization (Golden et al., 2000; Ming
Pang et al., 2004; Pellettieri et al., 2003; Quintin et al., 2003;
Shakes et al., 2003; Stitzel et al., 2006), and here we have
shown that they appear to be required for the initial phase of
MEI-1 degradation. MEL-26 mediated degradation may be
initiated more slowly and may be active for a longer period of
time.
We previously showed that the mel-26(ct61sb4) mutation
has a premature stop codon, giving rise to a truncated protein,
and that this mutation behaved as a genetic null at 25° (Dow andtensities of ectopic MEI-1, as described in Table 2.
Fig. 4. Ectopic MEI-1 expression in emb-27(g48); mbk-2(dd5) embryos is still
restricted to the first cell cycle at 20°. Mutant embryos reared at 20° and co-
stained with anti-MEI-1 (A, C, E, G, and I) and anti-α-tubulin (B, D, F, H,
and J). (A, B) One-cell mbk-2(dd5) embryos had no or weak centrosomal
(arrowheads) or chromosomal (arrow) MEI-1 expression. (C, D) emb-27(g48)
embryos had absolutely no MEI-1. (E, F) One-cell emb-27(g48); mbk-2(dd5)
embryos showed strong MEI-1 expression at 20°; however, this ectopic MEI-1
disappeared when embryos entered the second cell cycle (G–J). Non-specific
nuclear staining, seen with some batches of anti-MEI-1, is present in 4G. All
strains included the MEI-1 resistant tbb-2(sb26) allele to restore normal
morphology to the embryos to facilitate comparisons (see text). Scale bar,
10 μm.
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truncated product at 15° may be explained as a protein with
partial function at the lower temperature. However, our further
analysis ruled out this possibility and revealed that the ts effect
of mel-26(ct61sb4) is due to genetic redundancy at lower
temperature: the embryonic lethality of the mel-26 truncation
allele is not enhanced by mel-26(RNAi), which itself is also ts.
Furthermore, the mel-26 deletion allele tm1664 that encom-
passes the protein's start site is similarly ts (Table 1). Thus
MEL-26 participates in an inherently ts process. Retrospective
examination of our previous results (Dow and Mains, 1998)shows that even at 15° and 20°, the behavior of the ct61sb4
allele, in trans with itself or several dominant mel-26 alleles,
was very similar to that of a genetic deficiency of the region,
reinforcing the interpretation that ct61sb4 is a true null.
Significantly, the incomplete penetrance of the lethal phenotype
correlates with levels of ectopic MEI-1 (Fig. 1; Table 2),
suggesting that the differences of embryonic lethality seen at
high and low temperatures reflect differences of post-meiotic
MEI-1 degradation rather than some other MEL-26 degradation
target.
It is possible thatMEI-1 post-meiotic degradation is regulated
by the CUL-3-based ubiquitin E3 ligase through more than one
substrate-specific adaptor related to MEL-26. Although the C.
elegans genome encodes three other MEL-26 like molecules
(Dow and Mains, 1998), removing all their function by RNAi in
the mel-26(null) background did not give rise to more dead
embryos at 15° (data not shown). Furthermore, the mei-1
(ct46gf) PEST sequence mutation, which perturbs MEI-1
degradation mediated by the CUL-3-based E3 ligase (Pintard
et al., 2003; Xu et al., 2003), is also ts and when homozygous is
not enhanced by either mel-26(RNAi) (Table 1) or by mel-26
mutations (Mains et al., 1990a). These results strongly argue that
a cul-3/mel-26-independent mechanism contributes to MEI-1
degradation.
We found that other genes implicated in protein degradation
pathways activated at fertilization, mbk-2 and apc, are involved
in mel-26 independent MEI-1 degradation. Removing their
function with even very weak alleles (i.e. ts alleles at their
permissive temperature) strongly enhanced mel-26(null) letha-
lity. The increased lethality resulted from misregulation of MEI-
1, rather than other potential targets common to MBK-2, APC
and MEL-26, because it correlated with increased levels of
ectopic MEI-1 and was blocked by a tubulin mutation that
specifically suppresses lethality caused by ectopic MEI-1 (Table
2 and 3, Fig. 2). Since we used a null allele of mel-26, we can
conclude that mbk-2 and apc act in parallel rather than
sequentially with mel-26; if they acted in the same pathway as
mel-26, they would not enhance mel-26(null). Formally, mbk-
2 and apc could be required for both mel-26 dependent and
independent pathways. However, in this scenario the mbk-2
deletion allele pk1427 would completely eliminate both path-
ways, but this mbk-2 null allele shows less ectopic MEI-1 than
the mel-26(null) in combination with the mbk-2 weak allele
(Table 2), suggesting that mbk-2 functions primarily (if not
exclusively) in the mel-26 independent pathway.
Ubiquitination often requires prior phosphorylation, and it
has been suggested that MBK-2 might phosphorylate MEI-1 for
MEL-26/CUL-3 mediated degradation (Bowerman and Kurz,
2006; DeRenzo and Seydoux, 2004; Ming Pang et al., 2004;
Pellettieri et al., 2003; Quintin et al., 2003; Stitzel et al., 2006).
However, our results argue against this since mbk-2 appears to
act in parallel to mel-26. Indeed, MEL-26 binds MEI-1 in yeast
two-hybrid assays and when the proteins are translated in vitro,
implying that phosphorylation may not be a prerequisite for
MEI-1's interactions with MEL-26 (Furukawa et al., 2003;
Pintard et al., 2003; Xu et al., 2003). Null apc mutants arrest
during meiosis (Golden et al., 2000; Shakes et al., 2003) so we
Fig. 5. Model for post-meiotic MEI-1/MEI-2 degradation. Shading from dark to
light indicates corresponding decreases in activity or protein levels. At meiosis,
all degradative systems are inactive, resulting in high levels of MEI-1/MEI-2. In
the one-cell embryo, MEI-1/MEI-2 levels begin to decrease as APC and MBK-2
are fully active, while MEL-26 may be only partially active. By the two-cell
stage, APC and MBK-2 are no longer active, but MEL-26 eliminates the
remaining MEI-1/MEI-2.
446 C. Lu, P.E. Mains / Developmental Biology 302 (2007) 438–447cannot determine, as we argue for mbk-2, if apc also acts
exclusively in parallel to mel-26.
To determine if apc/emb-27 and mbk-2 together act in the
same pathway as each other or in parallel pathways requires the
analysis of double mutants, at least one of which must be null
(the genetic interactions we report between the two genes
involved hypomorphic mutations of each). We did construct
emb-27; mbk-2(null), but this strain produced too few fertilized
embryos for analysis, so we cannot determine how the two
genes act relative to one another.
The dependence on APC activity for MEI-1 degradation
could be direct or indirect. Stitzel et al. (2006) have recently
shown that APC function is required for activation of MBK-2,
and so the enhancement of mel-26 by apc mutants could be an
indirect effect through mbk-2. Another possibility is to note that
since APC represents a class of ubiquitin E3 ligase structurally-
related to CUL-3/MEL-26, APC might directly ubiquitinate
MEI-1/MEI-2 katanin and target them (or perhaps one of them)
for destruction. APC ubiquitinates cell cycle regulators
including mitotic cyclins and cyclin-dependent kinase (CDK)
inhibitors as well as targets not involved in mitosis (Harper et
al., 2002). Substrate recognition by APC very often requires a
conserved sequence motif, the Destruction box (D-box), with an
RxxLxxxxN motif. Interestingly, MEI-2 has a D-box sequence
(RkkLthakN) suggesting that APC could target MEI-2 for
destruction. Thus, APC could target MEI-2 while MEL-26/
CUL-3 could be specific for MEI-1. Since function and protein
accumulation of MEI-1 and MEI-2 are dependent on each other
(Clark-Maguire and Mains, 1994; Mains et al., 1990a; Srayko et
al., 2000), failure to degrade one might protect the other from
degradation.
Unlike MEL-26-mediated MEI-1 degradation, removal of
MEI-1 by APC and MBK-2 appears to occur primarily during
the first cell cycle. In apc; mbk-2 mutants, ectopic MEI-1 is
only seen in the first cell cycle, after which MEL-26 protein
likely completes MEI-1 degradation (Fig. 5). emb-27(ts)
embryos arrest at meiosis, but upshift after this time did not
result in ectopic MEI-1 (data not shown), suggesting that the
APC activity that drives the meiosis I metaphase to anaphase
transition may also be responsible for early MEI-1 degradation.
Thus MEI-1 degradation is coupled to the completion ofmeiosis, either indirectly via APC activation of MBK-2 (Stitzel
et al., 2006) or by direct targeting of MEI-2 by APC. Coupling
MEI-1/MEI-2 degradation to activation of APC and MBK-2,
which occurs as meiosis is completing, is attractive because this
is near the time when the embryo no longer requires MEI-1/
MEI-2 activity for meiotic spindle formation. Because MEL-26
does not begin to accumulate until after meiosis is complete
(Johnson, Lu, Raharjo and Mains, manuscript in preparation),
APC and MBK-2 may function to quickly lower MEI-1/MEI-2
activity until MEL-26/CUL-3 can complete the process (Fig. 5).
Shirayama et al. (2006) have recently described a similar
situation where degradation of OMA-1 is coupled to progres-
sion through the first cell cycle by CDK1.
The C. elegans zygote, upon fertilization, immediately
resumes and quickly completes meiosis before entering mitosis.
During the first cell cycle, the embryo also establishes the initial
body axis and resolves the germline-soma dichotomy. Devel-
opmentally regulated protein turnover plays a critical role in this
process (Bowerman and Kurz, 2006; DeRenzo and Seydoux,
2004; Kipreos, 2005) and coupling it to meiotic progression is
an efficient method to ensure proper timing.
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